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Abstract
Existing subsurface remediation technology is often unable to meet legal cleanup
specifications. Consequently, the use of surfactants to facilitate the transport of pollutants
is being developed. The results of surfactant-enhanced remediation are encouraging, and
this research introduces a novel surfactant, a triblock polyampholyte, that could make
surfactant-based technologies more versatile and economically feasible.
The block copolymer, (methyl methacrylate) (methacrylic acid),(methyl
methacrylate) 12(dimethylamino ethyl methacrylate) 16, AM 12BI 6, was synthesized via group
transfer polymerization. We measured this triblock polyampholyte's ability to reduce
interfacial tension, its tendency to adsorb to aquifer solids, and its ability to enhance the
aqueous solubility of naphthalene and phenanthrene, two ubiquitous environmental
pollutants. The main benefits of using triblock polyampholytes is that they can be tailored
to address a site's specific needs, and that a simple pH shift in the system was
demonstrated to recover 90% of the polyampholyte through isoelectric precipitation.
Compared to traditional surfactants, A8M 12B16 behaves similarly, although it provides less
micellar solubilization. However, a great number of acrylic monomers are commercially
available, and further research could be conducted to optimize the use of these novel
surfactants.
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Chapter 1
Introduction
Subsurface contamination is a widespread problem all over the world. Analysts
have estimated that $500 billion to $1 trillion are required to clean up the 300,000 to
400,000 contaminated sites in the United States alone [1]. Furthermore, existing
technology often falls short of meeting legal cleanup requirements. Clearly the need for
innovative remediation technologies is apparent.
The contamination of groundwater and soil is often caused by nonaqueous phase
liquids (NAPLs), many of which are only sparingly soluble in water, yet are present in
concentrations above drinking water standards. Site remediation is complicated by the fact
that NAPLs are trapped in the soil via a balance of gravitational, capillary, and buoyancy
forces. The use of surfactants to facilitate the transport of NAPLs through mobilization and
micellar solubilization has been demonstrated many times [2-18]. However, the efficiency
of surfactant-enhanced remediation is very site specific, and depends on the interactions
between the aquifer material, contaminant, and surfactant. Additionally, many researchers
agree that it is imperative that surfactants used in subsurface remediation be recycled to
make the technology cost-competitive [19, 20].
This research introduces a novel surfactant, a triblock polyampholyte, to address
some of the challenges facing surfactant-enhanced remediation. This acrylic polymer
comprises of neutral, basic, and acidic blocks, which make it pH-sensitive. One of the
main advantages of triblock polyampholytes is that recycle can be achieved simply by
adjusting the pH of the system to the isoelectric point of the polymer. A second major
benefit of using triblock polyampholytes is that they can be easily tailored to address a
site's specific needs.
Chapter 1 of this thesis presents an introduction to subsurface remediation and the
benefits of using triblock polyampholytes. The synthesis and solution properties of the
polyampholytes are presented in Chapter 2. Chapter 3 describes enhanced organic
solubility using polyampholytes. Soil sorption is addressed in Chapter 4. Chapter 5
includes a summary of this work and recommendations for future work.
1.1 Subsurface Remediation
The contamination of groundwater and soil is a result of the release of pollutants
from a variety of sources including leaking underground storage tanks, chemical spills, and
abandoned hazardous waste disposal sites. While initially the contamination is localized in
a relatively small area, if left untreated the pollution can be distributed over wider and wider
areas by groundwater flow and precipitation.
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Figure 1.1 Superfund Remedial Actions through Fiscal Year 1995 [21]
The technology predominantly used to remediate contaminated sites is pump-and-
treat. Figure 1.1 demonstrates that 99% of Superfund sites used this technique. A simple
pump-and-treat system exists as the two well system illustrated in Figure 1.2, and although
research is being conducted to optimize the well configuration [22], the basic principles
remain unchanged. Essentially, clean water is pumped into the contaminated region via an
injection well, and pollutants desorb from sediment particles and become dissolved in the
aqueous phase. Downgradient, an extraction well pumps out contaminated water, where it
is treated until the pollutant concentration is low enough to meet the legal specifications for
re-injection. This loop usually has to be repeated hundreds of times over the course of
several decades, and due to the presence of residual saturation and strongly sorbed
compounds, pump-and-treat systems have had limited success [23]. One of several
innovative technologies being developed to better address the requirements for successful
remediation is the use of surfactants.
Treatment
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Figure 1.2 Schematic of Pump-and-Treat Technology
1.2 Surfactant-Enhanced Remediation
Surfactants, a contraction for 'SURFace ACTive AgeNTS,' structurally consist of
at least one group with an affinity for polar media and at least one other group with an
affinity for nonpolar media. Due to their unique structure of containing both hydrophilic
and hydrophobic moieties, surfactant molecules often adsorb at interfaces, which results in
a change of system properties, such as the lowering of interfacial tension. Solution
properties also can change when the surfactant concentration exceeds the critical micelle
concentration (CMC), due to the fact that surfactant chains self-aggregate into micelles.
These two distinctive characteristics of surfactants, reduction of interfacial tension and self-
aggregation, provide the two mechanisms through which surfactants can facilitate
contaminant transport: mobilization and solubilization, respectively.
With the introduction of surfactants to a system, the interfacial tension may be
sufficiently lowered to disrupt the balance of gravitational, capillary, and buoyancy forces
holding a NAPL within the subsurface matrix. Under these new conditions, the previously
trapped contaminant will start to flow. Residual NAPL saturation versus capillary number,
Nc, is illustrated in Figure 1.3, where SN/S, is the ratio of the fractional NAPL saturation
after flushing compared to that before. The capillary number is a dimensionless group that
compares the forces pushing a NAPL through a pore versus the capillary force retaining it.
NAPL mobilization occurs when Nc is increased to a critical value, Nc*, and consequently,
the residual saturation drops dramatically. The ratio (AP/L)/y W is proportional to Nc ,
where yv is the NAPL-water interfacial tension, and (AP/L) is the hydraulic gradient.
Hence, one way of increasing the capillary number is to reduce the interfacial tension.
1Nc
Nc (cAP/Lyv)
Figure 1.3 Residual NAPL Saturation vs. Capillary Number [24]
Typical interfacial tension numbers for NAPL in a subsurface environment are 30-
50 dyn/cm. A surfactant system designed to mobilize NAPL should create an
interfacial tension on the order of 103 dyn/cm [24]. Although mobilization has the
potential to expedite remediation dramatically through the removal of free product, sites
are usually contaminated with a mixture of pollutants that are both less and more dense
than water, LNAPL and DNAPL, and one of the main risks of using surfactant-
enhanced remediation is that the reduction of interfacial tension may result in the
downward mobility of DNAPL into previously uncontaminated areas. Abriola et al.
note that the critical number for mobilization is actually the sum of the capillary and
bond numbers [2]. This number is system specific, and the requirements for
mobilization may vary by an order of magnitude depending upon the experimental
design and the properties of the organic liquid and porous medium. Therefore, due to
the risk of complicating the remediation, many researchers are trying to design systems
where solubilization provides adequate transport and low interfacial tensions are not
required.
Many ubiquitous environmental pollutants are only sparingly soluble in water. In
an aqueous environment, the surfactant's micellar core provides a nonpolar
environment favorable to the dissolution of hydrophobic solutes; hence increasing the
apparent solubility of many contaminants. Compared to water, a 4% Witconol 2722
solution can solubilize 250 times more tetrachloroethylene (PCE) [2], a 5% Triton X-
100 solution can solubilize 13 times more phenanthrene [13], and a 5% Tween 80
solution can solubilize 660 times more benzo[a]pyrene [13]. This increased solubility
leads to increased contaminant concentration in the effluent stream, and ultimately, to
increased rates of remediation. Due to mass transfer limitations, equilibrium values are
rarely obtained during subsurface remediation; however, even at fractions of their
equilibrium solubilities, surfactants can increase contaminant removal compared to
water alone. For example, Fountain et al. demonstrated dramatic enhancement of the
remediation of PCE using surfactants during a field test [8]. The authors estimate that
to achieve the same removal as they did by flushing 14 pore volumes of surfactant
solution, 373 pore volumes of water would have to be used. That translates to 13 years
of treatment, instead of the 6 months of the field test. Clearly the benefits of surfactant-
enhanced remediation are apparent, yet challenges still persist, including the need to
recycle the surfactants for reuse, a critical piece for making the technology cost-
effective. This research introduces triblock polyampholytes to address some of these
issues.
1.3 Remediation using Triblock Polyampholytes
Block polyampholytes are a family of polymers in which at least two of the
monomers are of opposite charge [25]. In 1972, synthesis of the first block
polyampholyte, 2-vinylpyridine-co-methacrylic acid, was published [26, 27]. Since
then, researchers have varied the content of the blocks, the number of blocks, and the
polymer molecular weight. Patrickios et al. synthesized a family of acrylic triblock
polyampholytes and demonstrated their rich phase-behavior with respect to pH [25, 28,
29]. Light-scattering techniques determined that aggregation number is a function of
pH [25, 28, 29]. Interfacial tension measurements determined the CMC is pH-
dependent. Additionally, polyampholytes precipitate at their isoelectric point. In
Chapter 2, details are provided for how we have used this pH sensitivity to enable easy
recovery of our surfactant.
The triblock polyampholyte used in this research is (methyl methacrylate),
(methacrylic acid),(methyl methacrylate) 12(dimethylaminoethyl methacrylate) 6 (Figure
1.4). The first methyl methacrylate group is a by product of the initiator used and is
believed to have negligible effect on the remaining polymer, thus the polyampholyte is
denoted A8M1 2B16. We have measured the polyampholyte's ability to reduce interfacial
tension, its tendency to adsorb to aquifer solids, and its ability to enhance the aqueous
solubility of naphthalene and phenanthrene. Compared to traditional surfactants,
AM 12B16 behaves similarly, although it provides less micellar solubilization. Chapters
2 through 4 present details regarding the synthesis and solution properties of AM 12B 1 6
in particular; however, additional polyampholytes with blocks of various monomers,
sequences, and molecular weights can be synthesized to achieve potentially different
attributes, and future research can be conducted to optimize the system.
CH 3  3 CH3  CH3
I I I IH3C-C C-C C-C C-CHH2  1H2 H2
OCH3  OH OCH3  OCH2 CH2 N(CH3 ),
Figure 1.4 Structure of A8 M12B16
1.4 Conclusions
Considering the diverse demands of our many contaminated sites, it is unlikely that
any single technology will ever be developed to address them all. Instead, a wide range
of remedial tools that can be used in combination with one another is needed.
Surfactants have the potential to enhance subsurface remediation significantly, though
challenges still remain. Triblock polyampholytes offer some additional benefits that
could make surfactant-based technologies more versatile and economically feasible. At
the same time, it is recognized that further research needs to be conducted on the
multitude of other effects the addition of surfactants (and polyampholytes) can have on
the system.
Chapter 2
Synthesis and Solution Behavior of A8M 12B 16
In this chapter we describe the synthesis and characterization of A8 M12B 1 6. The
polyampholyte was synthesized via group transfer polymerization and characterized
using proton nuclear magnetic resonance (NMR), gel permeation chromatography
(GPC), fluorescence spectroscopy, interfacial tension and ultraviolet spectroscopy.
NMR and GPC allowed us to confirm complete polymerization. We determined the
critical micelle concentration by the ratio of the first and third peaks of pyrene's
fluorescence spectrum as well as measuring the interfacial tension between octane and
our surfactant solution. The polyampholyte concentration can be determined using
ultraviolet spectroscopy, which allowed us to study the recycle and recovery of the
surfactant.
2.1 Synthesis
Since its advent in 1983 [30], Group Transfer Polymerization (GTP) has offered
the ability to synthesize a wide variety of novel acrylic polymers [25, 28-37]. There is
a great number of commercially available acrylic monomers, and it is believed that most
of them can be successfully polymerized by GTP [29], yielding a large selection of
polymers offering a wide range of attributes. The polymerization technique is termed
"group transfer" because the "living end," the trimethyl silyl group, is transferred to
each incoming monomer [30]. The polymerization scheme is included in Figure 2.1.
In synthesizing our triblock polyampholyte, we essentially followed the method
developed by Patrickios et al. [25, 28, 29]. One limitation of GTP is that proton
donating monomers, such as alcohols and acids, cannot be used. Thus, to obtain our
methacrylic acid block, it is necessary to polymerize an ester of the acid initially and
then remove the protecting group after polymerization to yield the desired acid. We
elected to use trimethyl silyl methacrylate as our protecting ester because it is
commercially available and has been previously demonstrated to be polymerized
successfully [29].
Me OR OMe Me Me OR
MeO Me I I I I 1
+ H2 0-C - o Cc-c-C C
Me 3SiO Me 12I
0 0 Me OSiMe3
Me OR
I I OMe Me Me Me OR
n H2 - I I I I
H2CC-C- C-C- C-C-C
0 H2 
H2
0 Me CO2R OSiMe3
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Figure 2.1 Group Transfer Polymerization Scheme
2.1.1 Materials
Solvent: Anhydrous tetrahydrofuran, THF, (99.9%) was purchased in
SureSealfM bottles from Aldrich Chemical Co. and used as delivered.
Initiator: Methyl trimethylsilyl dimethylketene acetal (95%) was purchased from
Aldrich Chemical Co. and used as delivered.
Monomers: Methyl methacrylate, MMA, (99%) and dimethylaminoethyl
methacrylate, DMAEMA, (98%) were purchased from Aldrich Chemical Co., and
trimethylsilyl methacrylate, TMSMA, (98%) was purchased from Scientific Polymer
Products Inc. In order to remove the inhibitor and high molecular weight and salt
impurities from the monomers, while minimizing their exposure to heat and
atmospheric water, we vacuum-distilled the monomers prior to use. For each
monomer, GC was conducted to determine the purity, Karl Fischer titration was used
to measure the water content, and NMR was conducted to obtain monomer spectra.
One microliter of each monomer was injected into a Hewlett Packard 5980A Gas
Chromatograph with an HP-1 (crosslinked methyl silicone gum) capillary column.
Injector and detector temperatures were 2500 C, and the initial temperature was 400 C for
an initial time of 1 minute. We then increased the temperature by 100C/min to a final
temperature of 250 0 C. The total flow rate and septum purge were 400 and 2.5 mL/min,
respectively. Both MMA and DMAEMA were measured to have purity of 99.9%. The
purity of TMSMA was slightly lower, 98.5%, with 1.1% of the impurity having the
same retention time as MMA.
Monomer injections of 1, 1.5, and 2 mL were made on a Mettler DL18 Karl Fischer
Titrator. The water contents of MMA, DMAEMA, and TMSMA were 0.29, 0.52, and
0.02 mg of water/mL of monomer, respectively. At these levels, 10% of the initiator
has the potential of being terminated by water.
Monomers were diluted in deuterated chloroform and analyzed on a Bruker Avance
DPX-400 NMR Spectrometer. Figure 2.2 includes the monomer spectra. Note the
two peaks in the 6 ppm range, which are indicative of the alkene hydrogens.
Catalyst: In order to catalyze the polymerization, tetrabutyl ammonium
biacetate was synthesized by reacting tetrabutyl ammonium acetate with one equivalent
of acetic acid [25, 28, 29, 38]. The tetrabutyl ammonium acetate (97%) was purchased
from Aldrich Chemical Co. and used as received. After the tetrabutyl ammonium
biacetate precipitate was formed, the THF solvent was vacuumed off, and propylene
carbonate was added to make a 0.1 M solution.
2.1.2 Methods
Polymerization reactions were performed in a 500 mL three-necked flask fitted with
an addition funnel, a rubber septum, a magnetic stirrer, and a connector to a vacuum-
argon line (Figure 2.3). All glassware was stored overnight at 1200C in an oven and
assembled while hot with ground glass stoppers in place of the rubber septa. The
connector to the vacuumlargon line was then turned to vacuum and the entire system
was heated with a propane torch. The system was flushed with argon twice and then
CH3
H2C C
0 -C- OSi(CH3)3
C>lo4q
CH3
H2C C
~ --C  OCH2CH2N(CH 3)2
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CH 3
I
H2 C-C
O=C-~OCH30
-C-0H 3
00
I I I I I I
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Figure 2.2 NMR Monomer Spectra: TMSMA (a), DMAEMA (b), MMA (c)
Cl o0
set to a constant flow of argon to prevent premature termination by atmospheric water.
The glass stoppers were then replaced with the rubber septa, and a thermocouple was
inserted to monitor the progress of the exothermic polymerization. All reagents were
injected through the septa using gas-tight syringes, and monomers were added
dropwise through the addition funnel to achieve low polymer polydispersity.
Septum through which
monomers were injected
Additon Funnel
Thermoc uple
Connector to
Argon/VacuumSeptum through which Line
solvent, initiator, and
catalyst were injected
Magnetic Stirrer
Figure 2.3 Sketch of Polymerization Reaction Flask
Initially, 50 mL of THF, 1 mL of the 0.1 M catalyst solution, and 2.27 g of initiator
were transferred to the flask. Then, 17.9 mL of TMSMA were transferred to the
addition funnel and added dropwise at a rate of 1 mL/min. The temperature in the flask
rose from 230C to 37 0C. After 90 minutes, the temperature returned to room
temperature, and an aliquot of the reaction mixture was dissolved in deuterated
chloroform for NMR analysis. Complete polymerization of the first block was
confirmed by the absence of the monomer alkene hydrogen peaks at 6 ppm (Figure
2.4a). Next, 15.9 mL of MMA were transferred to the addition funnel and added
dropwise. Since the temperature increased very slowly initially, indicating slow
reaction kinetics, an additional 2 mL of catalyst solution were added, and the
temperature rose from 230C to 460 C. The reaction cooled to room temperature after 2.5
hours, and once again, complete polymerization was confirmed via NMR (Figure
2.4b). Next, the last block, DMAEMA, was polymerized by adding 33.6 mL dropwise
and 1 more milliliter of catalyst solution to achieve an adequate reaction rate. The
temperature rose from 230C to 360C and was allowed to cool overnight (approximately
OCH 3 CH3  CH3
I I I
C- C C C-- H
O CH3 O=-C
OSi(CH3 )3
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OCH3CH 3  CH3 CH3
--- 3 4 1
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Figure 2.4 NMR Spectra of Homo- (a), Diblock (b), and Triblock (c) Polymers
12 hours). After NMR showed complete polymerization of the third block, (Figure
2.4c) and 5 mL of methanol was added to quench the "living ends." The temperature
increased from 250C to 320C after the methanol addition, and the reaction mixture
became white and viscous, indicating partial removal of the trimethylsilyl protecting
group. Lastly, the remaining protecting group was removed by adding 50 mL of
methanol, 50 mL of water, and 1 mL of dichloroacetic acid and heating the flask to
600 C for 4 hours [29]. NMR also allowed us to confirm the protecting group was
successfully removed since the previously large peak at 0 ppm, indicative of methyl
hydrogens adjacent to a silicon atom, was very small. (Figure 2.5)
OCH3 CH3 CH3 CH3 CH3
I I I
OH OCH3  OCH2H2N(CH3)2
I I I I I
ppm 8 6 4 2 0
Figure 2.5 NMR Spectrum of Deprotected Triblock Polymer
Gel permeation chromatography was conducted to further characterize the polymer.
Results are included in Appendix A.
2.2 Solution Behavior
The two main attributes of surfactants used in subsurface remediation are micellar
solubilization and the reduction of interfacial tension. Triblock polyampholytes offer a
third benefit; their pH-sensitivity allows them to be recovered easily for reuse. In this
section, we discuss the critical micelle concentration, the interfacial tension, and the
recycle behavior of A8M12B16.
2.2.1 Critical Micelle Concentration
Fluorescence Spectroscopy:
Pyrene is a well-characterized fluorescence probe that is often used to characterize
colloidal systems [39, 40]. Its emission spectrum comprises five peaks, and the ratio
of the intensity of its first peak compared to that of its third (I/I3) depends strongly on
the polarity of the medium. The larger the ratio, the more polar the environment. The
I/I3 ratio is approximately 2 in pure water, and as surfactant is added, the ratio
gradually decreases as pyrene associates with hydrophobic domains; at high surfactant
concentrations, it levels off at a lower value. The CMC is determined from the
inflection point of the transition region, and the polarity of the micelle is characterized
by the I/I3 ratio in the concentrated surfactant region.
For our fluorescence study, surfactant solutions of concentration 1.1x10 4- 11 g/L
were prepared in duplicate by dissolving solid polyampholyte in 1 M HC1 and Milli-Q
water to reach the desired concentration at pH 4. A 0.1 mg/L pyrene concentration was
obtained by adding 1 .tL of a 1 g/L pyrene/acetone solution to 10 mL of the surfactant
solutions. All fluorescence spectra were recorded on a Photon Technology
International spectrofluorometer using a step size of 0.5 nm, an integration time of 0.5
s, and an excitation wavelength of 333 nm. Emission intensities were averaged over
three scans, and the wavelengths were 371 nm for the first peak and 382 nm for the
third. All samples were temperature controlled at 250C using a thermostated cuvette
holder connected to a circulating water bath. The emission intensities from the
polyampholyte and the acetone were determined to have negligible contribution under
these conditions. We determined the CMC for AsM 12B 16 to be 0.04 g/L by locating the
inflection point of the transition region (Figure 2.6). The 11/I3 ratio in the concentrated
surfactant region is 1.45, which indicates that the micelle has a little less polarity than
ethyl acetate [41] (Figure 2.7).
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Figure 2.6 Determination of the Critical Micelle Concentration of
AM 12B16 using Fluorescence Spectroscopy
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Interfacial Tension:
Reduction of interfacial tension is one of the distinguishing attributes of surfactants.
In a system with two immiscible phases, (such as water and octane) surfactant
molecules replace water and/or octane molecules at the original surface, and interfacial
interactions are much stronger than the original interactions between the highly
dissimilar water and octane molecules; hence, the tension across the surface is
significantly reduced by the presence of the surfactant [42]. Interfacial tension will
continue to decrease with increasing concentration of surfactant until the CMC is
reached. Above this concentration, the interfacial tension remains essentially constant
since only individual surfactant chains contribute to the reduction of interfacial tension
[42]. When interfacial tension is plotted as a function of surfactant concentration, the
CMC is taken as the point at which the interfacial tension starts to level off.
A Kruss K 10 ST ring tensiometer was used to measure the interfacial tension of
octane with our polyampholyte solutions. Octane (99%) was purchased from Aldrich
Chemical Co. and used as received. Surfactant solutions of concentrations 0-5 g/L
were prepared by dissolving solid polyampholyte in 1 M HCl and Milli-Q water to
reach the desired concentration at pH 4. A constant temperature of 250C was
maintained by a recirculating water bath. The interfacial tension dropped from 49
dyn/cm to 18 dyn/cm (Figure 2.8). In a similar experiment, Liggieri et al. determined
that the hexane-Triton X-100 interfacial tension is reduced from 50 dyn/cm to 11
dyn/cm [43], a similar magnitude as observed in our octane experiment. As mentioned
in Section 1.2, the balance of forces holding the contaminant within the subsurface
matrix is disrupted when interfacial tensions are on the order of 10-3 dyn/cm; therefore,
there is little risk of either A8M12B16 or Triton X-100 mobilizing NAPL.
The intersection of the two slopes in Figure 2.8 occurs at 0.52 g/L, indicating a
CMC higher than that obtained via fluorescence spectroscopy. Previous research has
recorded similar results, that the CMC determined by fluorescence spectroscopy tends
to be lower than that determined by other methods, indicating either the fluorescence
technique is more sensitive in detecting micelles or the pyrene is associated with pre-
micellar aggregates [44]. Individual chains of A8M12B16 may provide a hydrophobic
environment while in a coiled configuration, so the purposes of the remainder of this
thesis, at pH 4, a CMC of 0.52±0.2 g/L will be assumed. The CMC range was
determined by conducting a linear regression and determining the slope error within a
95% confidence interval.
40
35 -
30
S25
"S 20 - .
15 -1 CMC=0.52
0.1 [A8M12B161 (g/L) 10
Figure 2.8 Determination of the Critical Micelle Concentration of A8M12B16 using
Octane/AM 2B16 Interfacial Tension
We also observed that the CMC of A8M12B16 is pH-dependent (Figure 2.9). An
increase in the charge density leads to increased repulsion of the surfactant's ionic
groups, which results in a higher CMC [45]. The isoelectric point of A8 M12B16 is pH
8, which will be discussed in greater detail in the following section, and the charge
density is decreased as we approach this pH. Thus, our trend of CMCpH 6.5 < CMCpH 10
< CMCpH 4 is consistent with our expectations.
2.2.2 Recycle and Recovery
A critical piece for making surfactant-enhanced remediation economically feasible is
recovery of the spent surfactant for reuse. A few options are suggested in the literature.
Krebs-Yuill et al. recommend a combination of ultrafiltration and foam fractionation to
recover the surfactant from the bleed stream [19]. Yin et al. have focused on
precipitating the surfactants with the addition of salts [20]. Organic extraction has also
been considered for the regeneration of the surfactant [46], as well as extraction with
super critical carbon dioxide [47]. In our system, a simple pH shift results in the
precipitation of the triblock polyampholyte.
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Figure 2.9 Octane-AM 12B16 Interfacial vs. pH
One concern of using easily precipitable surfactants is the risk of plugging aquifer
pores. For example, salt-sensitive surfactants have been demonstrated to hinder
remediation at sites with elevated ionic strength [48, 49]. However, triblock
polyampholytes can be designed to have an isoelectric point pH that will not be
encountered beneath the surface. For example, B8M 12A 16 is insoluble in the pH range
4.2-6.0 [29], providing a good candidate for basic aquifers. Our polyampholyte,
AM 12B16, is more suitable for acidic aquifers since in precipitates in the pH range 7.5-
8.5.
A Perkin Elmer Lambda 3 UV/VIS spectrophotometer was used to measure the
polyampholyte concentration. Within our concentration range, Beer's Law was shown
to be valid at the peak wavelength, 233 nm, with an extinction coefficient of 0.32 LJg
cm (Figure 2.10). Polyampholyte solutions of concentration 0.5 g/L to 5 g/L were
prepared in triplicate by dissolving solid polymer in 1 M HCl and Milli-Q water to reach
the desired concentration at pH 4. While the surfactant solution was stirred
magnetically, 0.5 M NaOH was added dropwise until the solution became cloudy,
indicating the isoelectric point had been reached. Samples were then centrifuged for 8-
10 hours to enhance the removal of precipitate from solution. The residual
polyampholyte concentration was calculated by measuring the absorbance at 233 nm of
the now clear bleed stream, and was determined to be 39 to 62% of the original value
(Figure 2.11). The precipitate therefore comprised 61-38% of the original mass of
surfactant and was proven to be recycled easily by adding a few drops of HC1 to re-
dissolve the solid, which could then be precipitated out again with the addition of
NaOH.
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Figure 2.10 AM12B16 Ultraviolet Spectroscopy Calibration Curve at X=233 nm
The precipitation yield is a function of pH, and maximum recovery is achieved at
the isoelectric point (Figure 2.12). pH was measured using a Coming 150 pH/ion
meter after centrifuging the samples to remove the precipitate from solution. The
isoelectric point, pH 8, is located at the minimum residual concentration, 1 g/L,
indicating 80% of the polyampholyte can be recovered. The pH of the residual
concentration data in Figure 2.11 was not collected at the optimum pH 8, but rather a
range pH 7.6-8.4; therefore, maximum removal was not obtained. However, even
with this pH optimization, in order for the process to be economically feasible, a much
higher recovery of the polyampholyte is required.
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In attempting to achieve higher precipitation percentages, we designed an
experiment to measure the maximum removal percentage of previously precipitated
material, which would not have any non-precipitable impurities. Numerous surfactant
samples of volume 11 mL and concentration 5 g/L were prepared, and the pH was
adjusted to 7.62-8.33, yielding residual concentrations of 1.1-1.7 g/L. The aqueous
phase was poured off, leaving the sticky precipitate behind in the centrifuge tube. Four
drops of 1 M HC1 and 11 g of Milli-Q water were added to redissolve the precipitate.
NaOH (0.5 M) was then added to these samples of concentration 3.3-3.9 g/L until the
solution became cloudy, and then the samples were centrifuged and analyzed. We
successfully obtained higher recovery yields (Figure 2.13). The minimum residual
surfactant concentration was 0.4 g/L; therefore, approximately 90% of the previously
precipitated polyampholyte was recovered. We therefore, can also conclude that the
original polyampholyte has some impurities that absorb light at 233 nm. Potential
candidates include prematurely terminated homopolymer and diblock polymer,
unprotected triblock polymer, polydisperse polyampholyte and/or polymers with
hydrolyzed esters.
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2.3 Conclusions
GTP offers the ability to synthesize a wide variety of polymers, yielding a large
selection with diverse attributes. We successfully synthesized one polymer, A M12B 16,
that behaves similarly to traditional surfactants by self-aggregating and reducing the
interfacial tension. It has been demonstrated that block size and type affect the CMC
[25, 28, 29], and it is anticipated that interfacial tension will likewise be affected. For
example, replacement of a single straight-chain hydrophobic group by a branched one
containing the same number of carbon atoms decreases the surfactant's efficiency at
reducing the interfacial tension [42]. The polyampholyte recycle efficiency may also be
affected. A larger and/or more hydrophobic neutral group will be less soluble in water,
which may lead to increased recovery yields. The results of A8M12B16 are encouraging,
and the flexibility that GTP has to offer should be explored to optimize polyampholyte
solution behavior.
Chapter 3
Enhanced Organic Solubility using AMlzB, 6
The ability for A8 M12B16 to enhance the aqueous solubility of two ubiquitous
pollutants, naphthalene and phenanthrene, is described in this chapter. As mentioned
earlier, surfactants self-aggregate into micelles, providing a nonpolar environment
favorable to the dissolution of hydrophobic solutes, which may lead to increased
contaminant concentration in the effluent stream, resulting in increased rates of
remediation. We determined the partition coefficient of naphthalene and phenanthrene
in our polyampholyte solution using several techniques including headspace gas
chromatography, ultraviolet spectroscopy combined with precipitation, ultraviolet
spectroscopy at saturation, and aqueous phase fluorescence quenching. We then
compared the micellar partition coefficient with the ethyl acetate-water partition
coefficient, since in Chapter 2 we determined our micelles have a similar
hydrophobicity as this solvent. For each of the methods, the system is slightly
changed, so while the results obtained from the different techniques agree with each
other to a certain extent, their discrepancies can be explained by these differences.
Additionally, the micellar partition coefficients for A8 M 12B16 for both naphthalene and
phenanthrene were determined to be lower than those for traditional surfactants.
3.1 Materials
Naphthalene (99%), phenanthrene (96%), copper(II) sulfate (98%), ethyl acetate
(99.8%) and HPLC grade acetone (99%) were all purchased from Aldrich Chemical
Co. and used as received. Solid polyampholyte was dissolved in 1 M HCl and Milli-Q
water to obtain the desired concentration at pH 4, unless otherwise noted.
3.2 Headspace Gas Chromatography
Headspace gas chromatography (GC) was demonstrated to be able to measure
Henry's law constants accurately via the EPICS (equilibrium partitioning in closed
systems) procedure [51]. The method can be expanded to determine the partitioning of
volatile compounds between the micellar and aqueous phases. In essence, the method
compares the headspace concentration of two samples prepared with the same solution
but different total volumes of liquid. All other parameters were set by experimental
design, and from the ratio of the masses in the gas phase of the two samples, the
partition coefficient can be determined.
The total mass of solute, Mt (g), was distributed between the surfactant, aqueous,
and gas phases:
Mt = Ms + M, + Mg (1)
where MS, M,, and Mg represent the mass (g) of solute in the surfactant, aqueous, and
gas phases, respectively. The dimensionless Henry's law constant, Kh, was defined
as:
Mg
K V9(2)h - (2)
where Vw and Vg represent the volume (mL) of water and headspace, respectively. The
Henry's Law constant was substituted into equation (1) to yield:
M t =M s + M 1+ W (3)
We also defined the micellar partition coefficient, Km (mL water/ g micellar surfactant),
to describe the partitioning of the solute between the micellar and aqueous phases:
1000M,
KM = (c s-CMC)VW (4)
where CS is the concentration (g/L) of surfactant, and CMC is the critical micelle
concentration (g/L). The partition coefficient was substituted into equation (3) to yield:
+ (Km(CS- CMC)Vw" (5)
For two vials prepared with the same solution and different liquid volumes, Vw, and
Vw2:
Km(C 
- CMC)Vw1
1000KhVg (6)
(7)Mt2 = Mg2[ 1 + Vw2 1K(C,-CMC)Vw2
S(KhV ) 1000KhV82
These two equations were equated after dividing (6) by M and (7) by Mt2:
ME I 1+ Vw +
MtJ )(KhV9I
Km(CS 
-CMC)Vw1
1000KhV )
(Km (CS - CMC)Vw21000KhV 2 1]=
We solved for Km to yield:
1000[KhVg V2 (R 1)+ Vw2 Vg R- VwVg2 ]
(C,- CMC)[VwlV 2 -V 2VgIR]
Mt =M 1 +Vw +M 1 KhVg )
(8)
(9)m
Mt = M 91 + VW
(K h V
M 2 VW2
Mt2 ( KhV92
where:
R = M 2 (10)
Mt2 Mg1
Again, all parameters were set by experimental design with the exception of Mg1
and Mg2, which were measured using a GC. Since we were in the linear region of the
detector, exact masses did not need to be calculated, and a ratio of the peak areas was
used in equation (10).
3.2.1 Methods
A Shimadzu GC-8A gas chromatograph with a Shimadzu CR501 Chromatopac
integrator was used with a Supelco 1-2429 packed column. The injector and detector
temperatures were 2500 C, and the column temperature was a constant 150 0 C. Gas
pressures for helium, air, and hydrogen were 1.33, 0.5, and 0.5 Kg/cm2 , respectively.
Using a gas-tight Hamilton syringe, five 250 jiL injections of headspace were made
for each sample.
A 65 mg/mL solution of naphthalene in acetone was prepared initially, and 153 pL
of this solution was added to 1 L of Milli-Q water to make a 10 mg/L naphthalene
solution. Solid polyampholyte was dissolved using this naphthalene stock solution to
yield surfactant concentrations of 0, 0.25, 0.5, and 0.75 g/L. Six replicates of 4 mL
and 30 mL of liquid were prepared in 43 mL vials containing magnetic stirrers and open
top caps with Teflon-lined septa and were stirred upside down in a constant temperature
water bath at 250C for two days until the first sample was analyzed. Peak areas
remained constant over the next 3 days when all 6 samples were analyzed indicating
equilibrium had been obtained after the initial 48 hours and leakage from the vials was
negligible. Under the GC conditions used, the acetone and naphthalene peaks were
sufficiently separated.
3.2.2 Results
The micellar partition coefficient of naphthalene in A8M12B16 was determined to be
negligible (Table 3.1). Unfortunately, the standard deviation of the 30 data points for
each sample (5 injections from 6 replicates) averaged 23%. Additionally, at the time of
this experiment, we had not performed the interfacial tension measurements, and
therefore, anticipated a much smaller CMC (0.04 instead of 0.52 g/L). One explanation
of the negligible partitioning observed is that micelle formation had not occurred even at
a surfactant concentration of 0.75 g/L. We also used the data to calculate a Henry's
Law constant using the EPICS method [51], and our result, 0.05, is off by a factor of
2.5 from the published value of 0.02 [52]. Wall adsorption and leakage when
operating our syringes may account for some of this error. While headspace GC is
theoretically a feasible method for determining partition coefficients, our experiment
was plagued with two defects: inadequate surfactant concentrations and significant
sampling error. More concentrated surfactant solutions should be tested to insure the
formation of micelles, and an improved experimental procedure is required, such as the
headspace cell developed by Chaintreau et al. [53].
Cs (g/L) 0 0 0.25 0.25 0.5 0.5 0.75 0.75
Vw (mL) 4 30 4 30 4 30 4 30
Avg Peak Area 24861 35128 22418 31327 21004 31192 22228 33866
stddevPeakArea 5067 5947 4968 7231 5737 8844 6209 7034
st dev % 0.20 0.17 0.22 0.23 0.27 0.28 0.28 0.21
Kh 0.05
Km (CMC=.04) 
-4537 -2080 -1350
Km (CMC = .52) 1 1 1 -4168
Table 3.1 Headspace Gas Chromatography Results
3.3 Ultraviolet Spectroscopy with Precipitation
Ultraviolet spectroscopy has already been demonstrated as a useful technique to
measure the precipitation of A8M12B16. Adding a solute to our polyampholyte solution
and repeating the steps for precipitation gave us an additional method to determine the
partition coefficient. Our main assumption was that the partitioning between the
micelles and water is equivalent to that of the precipitate and water. This probably is
not entirely true since the precipitated polymer is more "condensed" and charges are
neutralized, so that even the polar blocks may interact with the hydrophobic solutes to
provide enhanced partitioning. Therefore, we expect this technique may overestimate
the micellar partition coefficient.
Absorbance for each sample was measured at two wavelengths, the peak
absorbance for the polyampholyte and the peak absorbance for the organic compound.
Beer's Law was valid and solvent effects were negligible (Figure 3.1), therefore the
following equations were written:
A(X,) = esx Cs L + Eox
, Co L (1)
A(%o) = eso Cs L + EOxo Co L (2)
where A(X,) and A(, 0) are the absorbance measurements at the peak surfactant
wavelength, Xs, and peak organic compound wavelength, X ,. E s and esXo are the
surfactant extinction coefficients (L/g cm) at the peak wavelengths for the surfactant and
organic compound. eo~ and eox, are the organic compound extinction coefficients (L/g
cm) at these respective wavelengths. Values for the extinction coefficients are
summarized in Table 3.2. Cs and Co are the residual concentrations (g/L) of the
surfactant and organic compound, and L is the path length (1 cm) through the sample.
After precipitation, we calculated the residual concentration of surfactant and solute by
solving equations (1) and (2) simultaneously. We then determined the mass of each in
the precipitate by mass balance:
MPS = (Csi - Cs)V (3)
MPo = (Coi - Co)VW (4)
Where MPs and MPo are the amounts (g) of surfactant and solute that precipitated, Csi
and Coi are the respective initial concentrations (g/L), and Vw is the volume (L) of water
in each sample. Assuming equal partitioning of the solute between the micelle and
water and the precipitate and water, the total mass of organic compound associated with
the surfactant, Ms, was equal to:
Ms = MP si -CMC)V w  (5)
where CMC is the critical micelle concentration (g/L). For this calculation, a CMC of
0.085 g/L is appropriate from extrapolating Figure 2.10 to pH 7.5-8.5. From a mass
balance, the total mass of naphthalene associated with the water, M,, was equal to:
Mw = CoiV - Ms (6)
The partition coefficient, Km, was then calculated:
Ms
S(Csi - CMC)Vw 1000Ms (7)
__Mw (Csi - CMC)Mw
3.3.1 Methods
A Perkin Elmer Lambda 3 UV/VIS spectrophotometer was used to measure
absorbance. Stock solutions of 10 mg/L naphthalene and 1.1 mg/L phenanthrene were
prepared, and solid polyampholyte was dissolved in this stock solution and 1 M HC1 to
obtain the desired surfactant concentrations. Naphthalene samples were prepared at 5
g/L A8M 12B16, and phenanthrene samples were prepared at 0.5 g/L. Six samples for
each concentration were prepared by weighing 11 g of solution into a centrifuge tube
with a magnetic stirrer and a Teflon-lined cap. NaOH (0.5 M) was added while the
solution was stirring until it turned cloudy. After centrifuging 8-12 hours, absorbance
measurements were taken at the two appropriate wavelengths. Prior experiments were
conducted to prove there was negligible loss of polymer and solute during the
procedure.
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Figure 3.1 Ultraviolet Calibration Curve for Naphthalene (a) and Phenanthrene (b).
Solutions contain 1 g/L A8M12B16 at solute concentrations above aqueous solubility
Wavelength A8M12B16 Naphthalene Phenanthrene
233 nm S233 = 0.32 EN233 = 10 EP233= 98
251 nm ES251 = 0.02 EP251 = 295
276 nm ES276 = 0.03 EN276 = 32
Table 3.2 Extinction Coefficients (L/g cm)
3.3.2 Results
The micellar partition coefficient for naphthalene was determined to be 350±100
mL/g, and that for phenanthrene was determined to be 1700±160 mL/g. The values
given are the averages of the 6 samples for each solute, and the range was determined
through propagation of errors. To compute the error, a CMC of 0.085±0.015 g/L was
assumed, which contributed to little of the error associated with the naphthalene
samples at a surfactant concentration of 5 g/L; however, at 0.5 g/L for the phenanthrene
samples, the CMC error contributed 3.5% of the total error. The remainder of the error
associated for both solutes was the standard deviation of the 6 replicates.
3.4 Ultraviolet Spectroscopy at Saturation
Another technique to determine the partition coefficient is ultraviolet spectroscopy at
saturation. The UV absorbance was measured for a surfactant solution saturated with
solute. The concentration of the organic compound, Co, was determined by subtracting
the surfactant contribution from the total absorbance:
Co = A -EsCsL (1)Co C (1)
EOL
where A is the absorbance, Es and eo are the extinction coefficients for surfactant and
solute, Cs is the surfactant concentration, and L is the path length (1 cm) through the
sample. The partition coefficient, KI, was then calculated:
1000(C
o -C )K =
m (Cs - CMC)Csat
where CMC is the critical micelle concentration (g/L), and C,sat is the aqueous
solubility, 3.15x102- g/L for naphthalene and 1.12x10-3 g/L for phenanthrene [52].
3.4.1 Methods
A Perkin Elmer Lambda 3 UV/VIS spectrophotometer was used to measure
absorbance, and Beer's Law and the extinction coefficients in Table 3.2 were still valid.
Two replicates for both naphthalene and phenanthrene were prepared by adding 0.1 g
of solute to 45 mL of a 1 g/L AM12B16 solution. The flasks were stirred magnetically,
resulting in the formation of a cloudy emulsion. After 2 days of stirring, one replicate
for each solute was centrifuged to break the emulsion, with the majority of excess
solute sinking to the bottom of the centrifuge tube. Twenty milliliters were taken from
the top and placed in a separatory funnel, and in order to remove the residual excess
floating solute, an aliquot from the bottom was taken for analysis. This procedure was
repeated for the remaining replicates after two more days of stirring to confirm that
equilibrium was obtained.
3.4.2 Results
The micellar partition coefficient for naphthalene was determined to be 830±350
mUg and 2200±900 mUg for phenanthrene. The range was determined through
propagation of errors, where uncertainty of the CMC value dominated the overall value,
since the errors in the values of extinction coefficients were relatively low. For this
calculation a CMC value of 0.52±0.2 was assumed (pH 4, Figure 2.8). The
naphthalene value is slightly higher than that determined by the other methods, which
may be an indication that the dissolved naphthalene is of sufficient concentration to
enhance the solubility. We calculated 2.7x10-2 g micellar naphthalene/g micellar
A8 M12B16 compared to 2.5x103- g micellar phenanthrene/g micellar A8 M12B16. Since
the concentration of phenanthrene is an order of magnitude lower than that of
naphthalene, we did not see a similar enhancement.
3.5 Aqueous Phase Fluorescence Quenching
Another method that was used to determine the partition coefficient is aqueous
phase fluorescence quenching, published by Auger et al. [54]. The fundamental
assumption of this technique is that the solute in the aqueous phase was quenched by
Cu+2, whereas that in the micellar phase was protected from the quencher. Total
intensity, It, was equal to the sum of the contributions of the solute in each phase:
It = Im + Ia (1)
where Im and Ia are the intensity in the micellar phase and that in the aqueous phase,
respectively. This relationship was also valid in the presence of a quencher:
Iqt = Iqm + Iqa (2)
where the q subscript denotes the presence of a quencher. A Stern-Volmer relationship
was expressed for the solute in the aqueous phase:
Iqa = Ia/f(Q) (3)
whereas our major assumption was that the intensity of the species in the micellar phase
remained constant in the presence of a quencher:
Iqm = Im (4)
Equations (3) and (4) were substituted into (2), and the expression was divided by It to
yield:
(Iqt / I ) = (Im I ) ( / It) ( 1/ f(Q) (5)
We defined the following parameters:
xm = Im / I and xa = Ia / It (6)
where xm and xa were the fractions of species in the micellar and aqueous phases,
respectively. These parameters were substituted into equation (5) to yield:
(I,,t / It ) = xm + xa (1/f(Q)) (7)
A plot of Iqt/ It versus 1/f(Q) should yield a straight line with a slope of xm and an
intercept of xa. From this, we calculated the partition coefficient, Km, as:
Km = (1000 Xm )/[ xa (C,-CMC)] (8)
where Cs is the concentration (g/L) of surfactant, and CMC is the critical micelle
concentration (g/L).
3.5.1 Methods
Solutions of 1 g/L A8M 12B16, 0.12 mM naphthalene, and 0-2 mM copper sulfate
were prepared, and their fluorescence spectra were recorded on a Photon Technology
International spectrofluorometer using a step size of 0.5 nm, an integration time of 0.5
s, an excitation wavelength of 240 nm, and an emission wavelength of 330 nm.
Emission intensities were averaged over three scans. All samples were temperature
controlled at 250C using a thermostated cuvette holder connected to a circulating water
bath. The contribution of surfactant and acetone to the emission intensity was
determined to be negligible under these conditions. An inner-filter effect correction was
necessary to account for the light absorbance by the sample [54].
Icorrected = measured 100.(Aex+Aem) (9)
where Aex and Am are the absorbances at the excitation and emission wavelengths
respectively. With this correction, the intensity became linear with naphthalene
concentration (Figure 3.2).
3.5.2 Results
We were unable to obtain reproducible results using aqueous phase fluorescence
quenching. This method is much more complicated for our charged polyampholyte
than for Auger's nonionic surfactant, since the system is highly pH-sensitive due to the
ionic attraction of the Cu'2 ion to the negatively charged methacrylic acid block.
Initially it was thought that the naphthalene in the micellar phase was protected from the
quencher because there was negligible decrease in fluorescence intensity upon addition
of CuSO4 into a 10g/L polyampholyte solution, where essentially all the naphthalene
was in the micellar phase. However, it was later determined that this approach was not
valid because of the very large inner-filter effect caused by the concentrated
polyampholyte solution. Further experiments proved that a fraction of the micellar
phase organic was indeed quenched by Cu' 2 , depending on pH. In 1 g/L A8 M12 B16
solutions, as the pH was increased from 2 to 4.5, a decrease in fluorescence intensity
was observed as the methacrylic acid groups became deprotonated. In order to measure
the partition coefficient accurately, equation (4) should be corrected to:
Iqm = Imf(pH) (10)
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Figure 3.2 Fluorescence Calibration Curve for Naphthalene using the
Inner-Filter Correction
3.6 Ethyl Acetate-Water Partition Coefficient
A8M12B16 micelles have a similar polarity as ethyl acetate (Figures 2.6 and 2.7).
Therefore, the ethyl acetate-water partition coefficient for naphthalene and phenanthrene
should provide an approximation of the micellar partition coefficient. The solute was
allowed to equilibrate between the aqueous and ethyl acetate phases, and UV
spectroscopy was used to determine the aqueous solute concentration. Since ethyl
acetate also dissolves in the water, its contribution to the absorbance needed to be
subtracted:
Cow = [A, - A,]/o (1)
where Cow is the concentration of solute (g/L) in the aqueous phase, A, and Aa are the
total and ethyl acetate absorbances, and so is the extinction coefficient of the organic
compound. It was determined that 0.4 mL of ethyl acetate dissolved in 10 mL of
water, contributing to 5% of the absorbance at our selected wavelengths. Potential
cosolvent effects resulting from the dissolved ethyl acetate may enhance the aqueous
solubility of solute. Therefore, this technique may underestimate the micellar partition
coefficient.
The concentration of solute (g/g) in the ethyl acetate phase, Coea, was then
calculated by mass balance:
Cos = (MO - CowV)/M. (2)
where M, and Mo are the amounts (g) of ethyl acetate and solute and Vw is the volume
(L) of water introduced to the system. The ethyl acetate-water partition coefficient, KP
(mL water/ g ethyl acetate), was calculated:
KP = 1000Coe / Cow (3)
3.6.1 Methods
A Perkin Elmer Lambda 3 UV/VIS spectrophotometer was used to measure
absorbance. Beer's Law and the extinction coefficients listed in Table 3.2 were shown
to be valid, even with the addition of aqueous ethyl acetate. Naphthalene (0.029 g) was
dissolved in ethyl acetate (6.15 g) and then 15 g of Milli-Q water was added to one
flask. In a second flask, phenanthrene (0.066 g) was dissolved in ethyl acetate (6.15
g) and then 15g of Milli-Q water was added. In order to subtract the amount of ethyl
acetate that dissolved in the water, 6.15 g ethyl acetate was added to 15 g of Milli-Q
water in a third flask. The flasks were stirred magnetically, separated in a separatory
funnel, and then an aliquot from the bottom layer was analyzed. The solutions were
then returned to their flasks and continued to be stirred, separated, and analyzed until
absorbance readings remained constant, indicating equilibrium was obtained.
3.6.2 Results
We calculated the ethyl acetate-water partition coefficient of naphthalene to be 920
mL/g and that of phenanthrene to be 7700 mL/g. The methyl methacrylate block of
AM 12B16 comprises of 27% of the polymer's mass, and to crudely model the micelles,
we multiplied the ethyl acetate partition coefficient by 0.27 for a comparison of the
micellar partition coefficient of A8M12B16, yielding 250 mL/g for naphthalene and 2100
mUg for phenanthrene. Sources of error in this technique are our assumption of 27%
and potential cosolvent effects of the ethyl acetate. Since the hydrophobic contribution
of the polymer is probably greater than 27%, and cosolvent effects will increase the
solute aqueous concentration, this technique may underestimate the micellar partition
coefficient. In attempting to quantify the cosolvent effects, we used the following
expression [52]:
log x = log at + 0.5fcN(o't:w - at:c)(HSA)
2.303RT
where
xx and xwt are the saturated mole fractions of solute in the 4% ethyl acetate solution
and pure water, respectively,
f, is the volume fraction of the solution consisting of ethyl acetate (0.04),
N is Avagadro's number (6.02x10 2 3 molecules/mol),
,t: and a,:, are the macroscopic liquid:liquid surface energies of the water (52 erg/cm 2)
and the ethyl acetate (0), respectively,
HSA is the solutes hydrophobic surface area (157 A2 for naphthalene and 204 A2 for
phenanthrene),
R is the gas constant (8.31 J/mol K),
T is temperature (295 K).
The dissolved ethyl acetate was calculated to enhance the aqueous solubility of
naphthalene by 1.5 and phenanthrene by 1.7; therefore the ethyl acetate-water partition
coefficient was adjusted to 1400 mUg for naphthalene and 13000 mUg for
phenanthrene. After multiplying by 0.27, we obtained a micellar partition coefficient
of 370 mL/g for naphthalene and 3500 mL/g for phenanthrene. Note that we have not
adjusted for the water dissolved in ethyl acetate. Since water saturated ethyl acetate is
more polar than anhydrous ethyl acetate, further solute partitioning into the aqueous
phase may occur, which again, will result in a lower apparent partition coefficient.
3.7 Conclusions
Our experiments indicated that AM 12B 16 offers less micellar solubilization of
naphthalene and phenanthrene compared to traditional surfactants (Table 3.3). This
may be due to the fact that the hydrophilic moiety of our polyampholyte is a greater
percentage of the total molecule than that of traditional surfactants. Increasing the
molecular weight of the methyl methacrylate block and/or synthesizing a more
hydrophobic monomer, such as ethyl methacrylate, may lead to increased
solubilization. A potential method for quickly screening monomer candidates is to
measure the 11/I3 ratio of pyrene in several monomers and develop a model to relate this
ratio and the weight percentage of the hydrophobic block to the micellar partition
coefficient of target pollutants. Such a model would enable the fast design of
polyampholytes to address the specific needs of a contaminated site.
Naphthalene Phenanthrene
Surfactant Structurel MW (g/mol) Km(mL/ Km (mL/ g)
Brij 30 C1iE 4  362 2900 47000
Triton X-100 CsPh6Fp s 628 1800 19600
Igepal CA-720 CsPh6E1  778 1400 14800
Tergitol NP-10 CgPh6E 1 , 682 1800 26000
AsM12B 16 4500
*Precipitation 350 1700
*Saturation 830 2200
*Ethyl Acetate 370 3500
for NaphthaleneTable 3.3 Comparison of Micellar Partition Coefficients
and Phenanthrene in Various Surfactant Solutions [50]
Chapter 4
AM, 2B16 Adsorption to Aquifer Solids
During surfactant-enhanced remediation, surfactant adsorption to the aquifer solids
is highly undesirable since sorbed surfactant will not only be ineffective for
contaminant transport and add to the cost of remediation, but may also hinder the
remediation and ultimately contribute to the long range contamination it is attempting to
avoid [55]. Note however, that researchers are also taking the opposite approach and
designing systems that immobilize and then bioremediate the contaminant [58, 59, 60].
Typically, adsorption of surfactant is proportional to the fraction of organic matter of
the aquifer solids [61] and the alkyl chain length the surfactant [62]. Owing to the
inherent negative charge of most subsurface media, retention of cations is controlled
primarily by the cation exchange capacity of the aquifer solids [58] and the charge
density of the surfactant. In this chapter, we discuss the relative importance of these
two effects on the sorption of A8M12B16.
4.1 Materials
The aquifer solids used were Cohansey Sand, an iron(III)oxide-coated quartz
arenite that covers most of the New Jersey Coastal Plain. Ryan et al. discuss the
collection and analysis of these aquifer solids [57]. We selected two cores for our
adsorption study: U.8.1 with 0.22 wt% organic matter and 750 unmol total A/g sand,
and U.5.1 with 0.08 wt% organic matter and 1000 jtmol total Al/g sand.
4.2 Methods
AM 12B16 solutions of concentration 0.1-10 g/L were prepared at pH 4 and 10. In
order to measure the effect of organic matter on sorption, one replicate at pH 4 was
added to the U.8.1 sand, and a second one, also at pH 4, was added to the U.5.1 sand.
Charge effects were explored by comparing sorption to the U.8.1 sand at pH 4 to that
at pH 10. In each experiment, 20 mL of surfactant solution and 5 g of sand were
shaken at 1500 rpm on a rotary shaker for 10 days. Prior experiments determined this
was sufficient time to obtain equilibrium. Kinetics information is presented in
Appendix B. In order to remove the suspended solids, samples were centrifuged for 2
hours and then filtered using a 0.22 ptm Millipore filter. Negligible polyampholyte loss
was observed by filtering. The octane-AM 12B16 interfacial tension was then measured
and compared to an aqueous system control in order to quantify the amount of sorption
[18].
The concentration of A8 M12B16 that was required to obtain the CMC in the
sand/aqueous system, CMCsand (g/L), is equal that of the aqueous system control,
CMCaq (g/L), plus the concentration of the sorbed species, Csorb (g/L):
CMCsand = CMCaq + Csorb (1)
The maximum amount of surfactant sorbed to the sand, Q (g surfactant/g sand) was
then calculated:
SCsorbV, (CMCsand - CMCaq )V
- -(2)Ms Ms
where V, is the volume of water (L) and MS is the mass of sand (g) added to the
system.
4.3 Results
The increased organic matter was determined to have a negligible contribution to the
sorption of A8M1zB16 , and the CMCand was 4.8 g/L for both U.8.1 and U.5.1 (Figure
4.1). The maximum amount of polyampholyte sorbed to the sand was therefore
calculated as 1.7x10-2 0.1x10-2 g AM 12B16 / g sand. The surface area of the sand has
been reported as 1.94 m2/g [63], which yielded a surface density of 8.8x10 -3 g
A8M 2B16/m2 sand.
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Figure 4.1 A8M12B16 Adsorption to Sand U.8.1 and U.5.1
The charge effect seemed to dominate the sorption behavior of A8M 12B16, but
unfortunately, the Q at pH 10 was not calculated because pH was not maintained during
sand equilibration, probably due to buffering of the sand. Values of pH before and
after sand equilibration are listed in Table 4.1. From our recovery experiments,
precipitation occurs at pH 7.5-8.5; therefore, we saw negligible reduction of interfacial
tension of samples within this range (Figure 4.2). However, the CMCsad at pH=9 was
1 g/L or below, since there is no further appreciable reduction of interfacial tension of
more concentrated samples. Therefore, we assumed a CMCaq of 0.09 g/L by
extrapolating the results of Figure 2.9 to pH 9 and calculated the upper limit of Q to be
3.6x10 3- g/g, which is 20% of the sorption value at pH 4.
Concentration (g/L) 0.1 0.15 0.2 0.3 0.4 0.5 1 3 5 10
pHBefore 9.9 9.9 9.9 9.8 9.9 10.1 10.0 9.9 9.9 10.0
pH After 7.7 7.7 7.7 7.8 7.9 8.1 8.6 9.0 9.3 9.7
Table 4.1 pH of A8M12B16 Solutions Before and After Sand Equilibration
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Figure 4.2 A8M12B16 Adsorption to Sand U.8.1 at Initial pH 10
4.4 Conclusions
Adsorption of A8M12B16 on Cohansey Sand was controlled primarily by the CEC.
At pH 4, the polyampholyte had a charge of +16; therefore, the cation exchange
capacity (CEC) of the sand was estimated as 6 meq/100g sand:
CEC = 100Q(charge)
CEC = (3)MW
where MW is the molecular weight of the polymer, 4500 g/mol. The true CEC value of
the Cohansey Sand may provide molecular information regarding the adsorption of
AM 12B16. For example, a lower CEC would indicate that all 16 base groups do not
occupy sites and/or a finite layer of aggregates form. In order to estimate the CEC, we
averaged the total aluminum from the two cores (875 pmol total Al/g sand) and
assumed the aluminum was all kaolinite (A12Si2Os(OH) 4, 129 g/mol Al). We used an
average CEC value for kaolinite (3 meq/100g) [64] and calculated a CEC for our sand
to be 1 meq/100g sand. Therefore, if we had a monolayer of surfactant, only 3 of the
16 base groups occupied sites.
Chapter 5
Conclusions and Recommendations for Future Work
5.1 Conclusions
Innovative technologies are required to address the diverse demands of our many
contaminated sites, and surfactants have the potential to enhance subsurface remediation
significantly. The results of this research indicate that triblock polyampholytes may
offer some additional benefits over traditional surfactants that could make surfactant-
based technologies more versatile and economically feasible. However, further
research needs to be conducted to optimize the use of these novel polymers. The
molecular weight and/or hydrophobicity of the neutral group should be increased to
potentially enhance micellar solubilization and polyampholyte recycle. Fortunately, we
do not expect to see an increase in surfactant loss through adsorption accompanying the
synthesis of a more hydrophobic polymer since the cation exchange capacity of the
aquifer material appears to control sorption. A model relating a fundamental property,
such as the 1/13 ratio, to key performance parameters, such as micellar solubilization
and polymer recycle, may provide an efficient method for designing a polyampholyte to
address the specific needs of a contaminated site.
5.2 Recommendations for Future Work
5.2.1 Additional Polyampholytes
As mentioned several times throughout this thesis, one of the main benefits of
triblock polyampholytes is the wide variety of available monomers. Additional
polyampholytes should be synthesized with blocks of differing content, sequence, and
molecular weight and analyzed to investigate the effect on CMC, recycle, solubility,
adsorption, and interfacial tension. In addition, synthesis of biodegradable
polyampholytes should be explored, since the main mechanism of removing sorbed
surfactant from the aquifer is bioremediation.
5.2.2 Additional Conditions
Further research should also be conducted to learn the effects ionic strength,
temperature, and pH have on solubilization, CMC, recycle, sorption, and interfacial
tension.
5.2.3 Additional Contaminants
Our research focused on the enhanced solubility of polycyclicaromatic
hydrocarbons; however, environmental pollutants are certainly not limited to this family
of compounds. Additional contaminants should be tested to more completely
understand the benefit of applying triblock polyampholytes to subsurface remediation.
5.2.4 Modeling
With the synthesis of additional polyampholytes, a useful exercise would be to
develop a model that predicts solution behavior based on the polyampholyte (block
content, sequence, and molecular weight) and the system properties (pH, temperature,
and ionic strength). Additionally, it would be interesting to investigate if the models
designed for traditional surfactants can be applied to polyampholytes.
5.2.5 System Effects
Further research needs to be conducted to learn about the other effects the addition
of polyampholytes will have on the aquifer system. Information regarding their toxicity
toward humans and ecosystems needs to be explored.
5.2.6 Purification
The results of this research may be significantly improved after purifying the
polyampholyte. One method would be to recrystallize the polymer at its isoelectric
point to remove non-precipitable impurities.
5.2.7 Dynamics
While this research focused on systems at equilibrium, due to mass transfer
limitations, equilibrium values are rarely obtained during pump-and-treat remediation.
Therefore, a dynamic study would be of interest to learn about the kinetics of micellar
solubilization and polyampholyte adsorption.
5.2.8 Additional Applications
This research focused on subsurface remediation and that of Patrickios [29] focused
on protein separations; however, additional potential applications should be explored to
better understand the utility of this novel technology. Research could be conducted in a
nonpolar medium to learn about the solution behavior of these polymers' reverse
micelles.
5.2.9 Fundamental Information
The focus of this research has been very application oriented. Future work should
include some experiments to acquire additional fundamental knowledge of
polyampholytes. Small angel neutron scattering (SANS) experiments could be
conducted to learn about the internal structure, shape, and aggregation number of the
micelle. Dynamic experiments could be conducted to learn about the kinetics of
micellization. Calorimetry experiments could be conducted to learn about the
thermodynamics of micellization.
Bibliography
[1] National Research Council: Innovations in Groundwater and Soil Cleanup
From Concept to Commercialization. Prepublication Copy. Washington DC:
National Academy Press, 1997.
[2] Abriola L.M., Pennell K.D., Pope G.A., Dekker T.J., and Luning-Prak D.J.:
Impact of Surfactant Flushing on the Solubilization and Mobilization of
Dense Nonaqueous-Phase Liquids. In Surfactant-Enhanced Subsurface
Remediation: Emerging Technologies, vol 594. Edited by Sabatini D., Knox R.,
Harwell J. Washington DC: ACS Symposium Series; 1995:10-23.
[3] Adeel Z., Luthy R.G.: Concentration-Dependent Regimes in Sorption
and Transport of a Nonionic Surfactant in Sand-Aqueous Systems. In
Surfactant-Enhanced Subsurface Remediation: Emerging Technologies, vol 594.
Edited by Sabatini D., Knox R., Harwell J. Washington DC: ACS Symposium
Series; 1995:38-53.
[4] Shiau B., Rouse J.D., Sabatini D.A., Harwell J.H.: Surfactant Selection for
Optimizing Surfactant-Enhanced Subsurface Remediation. In Surfactant-
Enhanced Subsurface Remediation: Emerging Technologies, vol 594. Edited by
Sabatini D., Knox R., Harwell J. Washington DC: ACS Symposium Series; 1995:65-
79.
[5] Brusseau M.L., Miller R.M., Zhang Y., Wang X., Bai G.: Biosurfactant- and
Cosolvent-Enhanced Remediation of Contaminated Media. In Surfactant-
Enhanced Subsurface Remediation: Emerging Technologies, vol 594. Edited by
Sabatini D., Knox R., Harwell J. Washington DC: ACS Symposium Series; 1995:82-
94.
[6] Bourbonais K.A., Compeau G.C., MacClellan L.K.: Evaluating
Effectiveness of In Situ Soil Flushing with Surfactants. In Surfactant-
Enhanced Subsurface Remediation: Emerging Technologies, vol 594. Edited by
Sabatini D., Knox R., Harwell J. Washington DC: ACS Symposium Series;
1995:161-176.
[7] Fountain J.C., Waddell-Sheets C., Lagowski A., Taylor C., Frazier D., Byrne M.:
Enhanced Removal of Dense Nonaqueous-Phase Liquids Using
Surfactants. In Surfactant-Enhanced Subsurface Remediation: Emerging
Technologies, vol 594. Edited by Sabatini D., Knox R., Harwell J. Washington DC:
ACS Symposium Series; 1995:177-190.
[8] Fountain J.C., Starr R.C., Middleton T., Beikirch M., Taylor C., Hodge D.: A
Controlled Field Test of Surfactant-Enhanced Aquifer Remediation.
Ground Water 1996,34:910-916.
[9] Edwards D.A., Luthy R.G., Liu Z.: Solubilization of Polycyclic Aromatic
Hydrocarbons in Micellar Nonionic Surfactant Solutions. Environ. Sci.
Technol. 1991, 25:127-133.
[10] Abdul A.S., Gibson T.L.: Laboratory Studies of Surfactant-
Enhanced Washing of Polychlorinated Biphenyl from Sandy Material.
Environ. Sci. Technol. 1991, 25:665-671.
[11] Sun S., Inskeep W.P., Boyd S.A.: Sorption of Nonionic Organic
Compounds in Soil-Water Systems Containing a Micelle Forming
Surfactant. Environ. Sci. Technol . 1995, 29:903-913.
[12] Abdul A.D., Gibson T.L., Ang C.C., Smith J.C., Sobczynski R.E.: In
Situ Surfactant Washing of Polychlorinated Biphenyls and Oils from a
Contaminated Site. Ground Water 1992, 30:219-231.
[13] Yeom I.T., Ghosh M.M., Cox C.D.: Kinetic Aspects of Surfactant
Solubilization of Soil-Bound Polycyclic Aromatic Hydrocarbons.
Environ. Sci. Technol. 1996, 30:1589-1595.
[14] Yeom I.T., Ghosh M.M., Cox C.D., Robinson K.G.: Micellar
Solubilization of Polynuclear Aromatic Hydrocarbons in Coal Tar-
Contaminated Soils. Environ. Sci. Technol. 1995, 29:3015-3021.
[15] Pennell K.D., Jin M., Abriola L.M., Pope G.A.: Surfactant Enhanced
Remediation of Soil Columns Contaminated by Residual
Tetrachloroethylene. J .Contaminant Hydrology 1994, 16:35-53.
[16] Abdul A.S., Ang C.C.: In Situ Surfactant Washing of
Polychlorinated Biphenyls and Oils from a Contaminated Field Site:
Phase II Pilot Study. Ground Water 1994, 32:727-734.
[17] Deitsch J.J., Smith J.A.: Effect of Triton X-100 on the Rate of
Trichloroethene Desorption from Soil to Water. Environ. Sci. Technol.
1996, 29:1069-1080.
[18] Edwards D.A., Liu Z., Luthy R.G.: Experimental Data and
Modeling for Surfactant Micelles, HOCs, and Soil. J. Environ Eng 1994,120:23-41.
[19] Krebs-Yuill B., Harwell J., Sabatini D., Knox R.: Economic
Considerations in Surfactant-Enhanced Pump-and-Treat Remediation. In
Surfactant-Enhanced Subsurface Remediation: Emerging Technologies, vol 594.
Edited by Sabatini D., Knox R., Harwell J. Washington DC: ACS Symposium
Series; 1995:265-278.
[20] Yin Y., Scamehorn J., Christian S.: Recovery of a Dialkyl Diphenyl
Ether Disulfonate Surfactant from Surfactant Flush Solutions by
Precipitation. In Surfactant-Enhanced Subsurface Remediation: Emerging
Technologies, vol 594. Edited by Sabatini D., Knox R., Harwell J. Washington DC:
ACS Symposium Series; 1995:231-248.
[21] Kingscott J.: Overview of Innovative Site Remediation
Technologies. International Business Communications Conference on Innovative
Remediation Technologies. Boston, 1997.
[22] Chen Y., Chen L., Knox R.: Modeling the Effectiveness of
Innovative Measures for Improving the Hydraulic Efficiency of
Surfactant Injection and Recovery Systems. In Surfactant-Enhanced
Subsurface Remediation: Emerging Technologies, vol 594. Edited by Sabatini D.,
Knox R., Harwell J. Washington DC: ACS Symposium Series; 1995:249-264.
[23] Sabatini D.A., Knox R.C., Harwell J.H.: Emerging Technologies in
Surfactant-Enhanced Subsurface Remediation. In Surfactant-Enhanced
Subsurface Remediation: Emerging Technologies, vol 594. Edited by Sabatini D.,
Knox R., Harwell J. Washington DC: ACS Symposium Series; 1995:1-6.
[24] West C.C., Harwell J.H.: Surfactants for Subsurface
Remediation. Environ. Sci. Technol. 1996, 26:2324-2330.
[25] Chen W., Alexandridis P., Su C., Patrickios C.S., Hertler W.R., Hatton
T.A.: Effect of Block Size and Sequence on the Micellization of ABC
Triblock Methacrylic Polyampholytes. Macromolecules 1995, 28:8604-8610.
[26] Kamachi M., Kurihara M., Stille J.K.: Synthesis of Block Polymers
for Desalination Membranes Preparation of Block Copolymers of 2-
Vinylpyridine and Methacrylic Acid or Acrylic Acid. Macromolecules
1972, 5:161-167.
[27] Kamachi M., Kurihara M., Stille J.K.: Synthesis of Ionic Block
Polymers for Desalination Membranes. J. Polym. Sci. Polym. Chem. Ed.
1973, 11:587-610.
[28] Patrickios C.S., Herder W.R., Abbott N.L., Hatton T.A.: Diblock,
ABC Triblock, and Random Methacrylic Polyampholytes: Synthesis by
Group Transfer Polymerization and Solution Behavior. Macromolecules
1994, 27:930-937.
[29] Patrickios C.S.: Acrylic Polyampholyte Solutions for Protein
Separations. Doctor of Philosophy Thesis Massachusetts Institute of Technology
1994.
[30] Webster O.W., Hertler W.R., Sogah D.Y., Farnham W.B., RajanBabu
T.V.: Group-Transfer Polymerization. 1. A New Concept for Addition
Polymerization with Organosilicon Initiators. J. Am. Chem. Soc. 1983,
105:5706-5708.
[31] Witkowski R., Bandermann F.: Macromonomers of Acrylates by
Group Transfer Polymerization. Makromol. Chem. 1989, 190:2173-2182.
[32] Schubert W., Sitz H., Bandermann F.: Group Transfer
Polymerization of Methyl Methacrylate and Methyl Acrylate in
Tetrahydrofuran with Tris(piperindino)sulfonium Bifluoride as Catalyst.
Makromol. Chem. 1989, 190:2193-2201.
[33] Masar B., Vlcek P., Kriz J., Kovarova J.: Poly(methyl
methacrylate)-block-poly(ethyl acrylate) by Group Transfer
Polymerization: Synthesis and Structural Characterization. Macromol.
Chem. Phy.s 1994, 195:289-302.
[34] Masar B., Vlcek P.: Block Copolymers by Sequential Group
Transfer Polymerization: Poly(methyl methacrylate)-block-poly(2-
ethylhexyl acrylate) and Poly(methyl methacrylate)-block-poly(tert-butyl
acrylate). 1994, 195:671-678.
[35] Takacs A., Faust R.: Synthesis of Poly(methyl methacrylate-
graft-isobutylene) Copolymers by the Combination of Living
Carbocationic and Group Transfer Polymerization. JMS Pure Appl. Chem.
1996, A33(2):117-131.
[36] Moller M.A., Augenstein M., Dumont E., Pennewib H.: Controlled
Synthesis and Characterization of Statistical and Block Copolymers by
Group Transfer Polymerization. New Polymeric Mater 1991, 2:315-328.
[37] Sogah D.Y., Hertler W.R., Webster O.W., Cohen G.M.: Group
Transfer Polymerization. Polymerization of Acrylic Monomers.
Macromolecules 1987, 20:1473-1488.
[38] Dicker I.B., Cohen G.M., Farnham W.B., Herder W.R., Laganis E.D.,
Sogah D.Y.: Oxyanions Catalyze Group-Transfer Polymerization to Give
Living Polymers. Macromolecules 1990, 23:4034-4041.
[39] Thomas J.K.: The Chemistry of Excitation at Interfaces. ACS
Monograph 181, Caserio, M.C., Ser. Ed.; American Chemical Society: Washington,
1984, Chapter 5.
[40] Winnik M.A., Pekcan O., Croucher M.D.: Fluorescence Techniques
in the Study of Polymer Colloids. In Scientific Methods for the Study of
Polymer Colloids and their Applications. Edited by Candau F., Ottewill R.H.
Dordrecht: Kluwer Academic Publishers; 1990:225-245.
[41] Nivaggioli T., Alexandridis P., Hatton T.A.: Fluorescence Probe
Studies of Pluronic Copolymer Solutions as a Function of Temperature.
Langmuir 1995, 11:730-737.
[42] Rosen M.J.: Surfactants and Interfacial Phenomena. 2nd ed. New
York: John Wiley & Sons Inc., 1989.
[43] Liggieri L., Ravera F., Passerone A.: Equilibrium Interfacial
Tension of Hexane/Water plus Triton X-100. J. Coll. Inter. Sci. 1995,
169:238-240.
[44] Alexandridis P., Nivaggioli T., Hatton T.A.: Temperature Effects on
Structural Properties of Pluronic P104 and F108 PEO-PPO-PEO Block
Copolymer Solutions. Langmuir 1995, 11:1468-1476.
[45] Porter M.R.: Handbook of Surfactants. 2nd ed. New York:
Chapman & Hall, 1994.
[46] Underwood J., Debelak K., Wilson D.: Soil Cleanup by In-Situ
Surfactant Flushing. VII. Reclamation of Multicomponent Contaminated
Sodium Dodecylsulfate Solutions in Surfactant Flushing. Sep. Sci.
Technol. 1995, 30:2277-2299.
[47] McFann G.J., Johnston K.P., Hurter P.N., Hatton T.A.: Carbon
Dioxide Regeneration of Block Copolymer Micelles Used for Extraction
and Concentration of Trace Organics. Indust. Eng. Chem. Res . 1993,
32:2336-2344.
[48] Barber L., Krueger C., Metge D., Harvey R., Field J.: Fate of Linear
Alkylbenzene Sulfonate in Groundwater. In Surfactant-Enhanced Subsurface
Remediation: Emerging Technologies, vol 594. Edited by Sabatini D., Knox R.,
Harwell J. Washington DC: ACS Symposium Series; 1995:95-111.
[49] Shiau B., Sabatini D., Harwell J.: Properties of Food Grade
(Edible) Surfactants Affecting Subsurface Remediation of Chlorinated
Solvents. Environ. Sci. Technol. 1995, 29:2929-2935.
[50] Jafvert C.T., Chu W., Van Hoof P.L.: A Quantitative Structure-
Activity Relationship for Solubilization of Nonpolar Compounds by
Nonionic Surfactant Micelles. In Surfactant-Enhanced Subsurface Remediation:
Emerging Technologies, vol 594. Edited by Sabatini D., Knox R., Harwell J.
Washington DC: ACS Symposium Series; 1995:24-37.
[51] Gossett J.M.: Measurement of Henry's Law Constants for C1
and C2 Chlorinated Hydrocarbons. Environ. Sci. Technol. 1987, 21:202-208.
[52] Schwarzenbach R.P., Gschwend P.M., Imboden D.M.: Environmental
Organic Chemistry. New York: John Wiley & Sons Inc., 1993.
[53] Chaintreau A., Grade A., Munoz-Box R.: Determination of Partition
Coefficients and Quantitation of Headspace Volatile Compounds. Anal.
Chem. 1995, 34:3300-3304.
[54] Auger R.L., Jacobson A.M., Domach M.M.: Aqueous Phase
Fluorescence Quenching Technique for Measuring Naphthalene Partition
Coefficients in Nonionic Surfactant Micelles. Environ. Sci. Technol. 1995,
29:1273-1278.
[55] Barber L., Krueger C., Metge D., Harvey R., Field J.: Fate of Linear
Alkylbenzene Sulfonate in Groundwater. In Surfactant-Enhanced Subsurface
Remediation: Emerging Technologies, vol 594. Edited by Sabatini D., Knox R.,
Harwell J. Washington DC: ACS Symposium Series; 1995:95-111.
[56] Nivas B., Sabatini D., Shiau B., Harwell J.: Surfactant Enhanced
Remediation of Subsurface Chromium Contamination. Water Res. 1996,
30:511-520.
[57] Ryan J.N., Gschwend P.M.: Effect of Iron Diagenesis on the
Transport of Colloidal Clay in an Unconfined Sand Aquifer. Geochimica
et Cosmochimica Acta 1992, 56:1507-1521.
[58] Brown M.J., Burris D.R.: Enhanced Organic Contaminant
Sorption on Soil Treated with Cationic Surfactants. Ground Water 1995,
34:734-744.
[59] Sheng G., Xu S., Boyd S.A.: Mechanism(s) Controlling Sorption
of Neutral Organic Contaminants by Surfactant-Derived and Natural
Organic Matter. Envrion. Sci. Technol. 1996,30:1553-1557.
[60] Sanchez-Camazano M., Arienzo M., Sanchez-Martin M.J., Crisanto T.:
Effect of Different Surfactants on the Mobility of Selected Non-Ionic
Pesticides in Soil. Chemosphere 1995,31:3793-3801.
[61] Urano K., Saito M., Murata C.: Adsorption of Surfactants on
Sediments. Chemosphere 1984,13:293-300.
[62] Kiewiet A.T., de Beer K.G.M., Parsons J.R., Govers H.A.J.: Sorption
of Linear Alcohol Ethoxylates on Suspended Sediment. Chemosphere
1996, 32:675-680.
[63] Holmen B.A.: Polycyclic Aromatic Hydrocarbon Sorption
Kinetics in Three Iron Oxide-Coated Aquifer Sands. Doctor of Philosophy
Thesis Massachusetts Institute of Technology 1995.
[64] Knox R.C., Sabatini D.A., Canter L.W.: Subsurface Transport and
Fate Processes. Florida: Lewis Publishers, 1993.
Appendix A
Gel Permeation Chromatography
Polymer molecular weights and molecular weight distributions were determined using
GPC by Costas Patrickios and his lab at the University of Manchester Institute of
Science and Technology. A single Polymer Laboratories PL-Mixed 'E' column was
employed for the analyses. The mobile phase, THF, was delivered at a flow rate 1
mUmin using a Polymer Laboratories PL-LC1120 isocratic pump. The refractive
index signal was measured using an ERC-7515A refractive detector supplied by
Polymer Laboratories. Molecular weight calculations were based on a calibration curve
obtained using six narrow molecular weight (630, 1400, 2400, 4250, 7600 and 22650
g/mol) poly(methyl methacrylate) standards, which were supplied by Polymer
Laboratories. The protected homopolymer, diblock polymer, and triblock polymer
each eluted as single peaks, indicating negligible premature termination (Figure A. 1).
Compared to what we expected, the polydispersities of the polymers are slightly
higher, and the molecular weights are slightly lower (Table A. 1). M, is the molecular
weight at the maximum peak signal, M, is the number average molecular weight, M, is
the weight average molecular weight, and M,/M, is the polydispersity index.
Theoretical Experimental
Polymer MW Mp Mn Mw Mw/M n
(MMA)I(TMSMA)8 1366 600 861 1014 1.18
(MMA)1(TMSMA)8(MMA) 12 2566 1361 1385 2053 1.48
(MMA)I(TMSMA)8(MMA)12(DMAEMA) 16 5078 4229 2625 4518 1.72
Table A.1 Molecular Weight Distributions of A8 M1 2B16 by Gel Permeation
Chromatography
(MMA)I(TMSMA)s(MMA) 12(DMAEMA) 16
Solvent Peaks
(MMA)1 (TMSMA)s(MMA) 12
SI I I I I I I I
3 4 5 6 7
Minutes
8 9 10 11
Figure A.1 Gel Permeation Chromatography Spectra for the Protected Polymers
Appendix B
Kinetics of A 8 M 12 B 16 Adsorption
The kinetics of AM 12B16 adsorption to U.8.1 sand were explored to insure
equilibrium was obtained during our sorption experiments in Chapter 4. Samples were
analyzed after 5, 10, and 15 days of shaking on the rotary shaker. The 10 and 15 day
samples agreed to each other within 1 dyn/cm, however, the 5 day samples provided
significantly more interfacial tension reduction for the concentrated surfactant solutions
(Figure B.1). Reduced interfacial tension correlates with increased surfactant
concentration; therefore, equilibrium was obtained between 5 and 10 days. The long
equilibration time indicates the kinetics may be diffusion limited during surfactant
transport through the porous aquifer solids. A theory explaining the dependence on
concentration is that the exterior sites are occupied initially, creating a barrier for interior
sorption.
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Figure B.1 Kinetics of A8M12B16 Adsorption to U.8.1 Sand
